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Recently, it has been demonstrated that solvent-vapor-induced crystallization of
triethylsilylethynyl anthradithiophene (TES ADT) thin ﬁlms can be directed on
millimeter length scales along arbitrary paths by controlling local crystal growth rates
via pre-patterning the substrate. Here, we study the inﬂuence of capillary eﬀects on
crystallization along such channels. We ﬁrst derive an analytical expression for the
steady-state growth front velocity as a function of channel width and validate it with
numerical simulations. Then, using data from TES ADT guided crystallization experiments, we extract a characteristic channel width, which provides the smallest feature
size that can be obtained by this technique. C 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4915537]

Guided crystallization of solution-processed organic semiconductor thin ﬁlms via substrate
patterning can enable the control of material properties with ﬁne spatial resolution and be used to
preferentially orient molecules along a given direction.1,2 Potential applications of guided crystallization on pre-speciﬁed templates include the fabrication of patterned optical coatings or conductive
paths with arbitrary shapes1 as well as dense arrays of organic thin-ﬁlm transistors.2 In addition, the
ability to control the alignment of organic semiconductor small molecules has been employed to
study the eﬀect of grain boundary orientation mismatch on electrical properties.3
Due to its limited intermolecular interactions, the small molecule organic semiconductor triethylsilylethynyl anthradithiophene (TES ADT) can be deposited in a thin ﬁlm with an essentially
disordered state and then be made to crystallize in the form of spherulites upon exposure to solvent
vapor.4–6 Spherulites are polycrystalline superstructures that are composed of crystalline grains of
diﬀerent orientations and grow outwards in a radially symmetric manner.7 Recently, it has been
shown that the crystallization rate of TES ADT can be controlled by varying the substrate surface
energy, allowing growth to be guided along patterns on the millimeter length scale,1 but application
of this technique to smaller length scales has not previously been studied. More fundamentally,
exploration of crystallization conﬁned along narrow paths provides an opportunity to probe thermodynamic and interfacial properties8,9 in such molecular semiconductor thin ﬁlms. Often such
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information is not known for materials other than metallic alloys.10 An improved understanding
of organic semiconductor molecular interactions and ordering behavior is also beneﬁcial for better
linking processing conditions to ﬁnal structures.11
In this paper, we investigate how the rate of guided crystal growth in an initially disordered
thin ﬁlm along a pre-patterned two-dimensional (2D) channel of ﬁxed width w is reduced with
decreasing channel widths due to capillary eﬀects. We ﬁrst derive an analytical expression for the
steady-state growth front velocity as a function of channel width and validate it against numerical
simulations of a diﬀuse-interface model. We show that, below a characteristic channel width, capillary eﬀects strongly aﬀect crystallization. In particular, in the case of perfect conﬁnement of the
crystal growth front within the channel, this characteristic channel width determines the smallest
feature size that can be achieved by guided crystallization. Finally, analytical results are employed
to determine the characteristic channel width (given by the ratio of interfacial energy to bulk
thermodynamic driving force) for solvent-vapor-annealed TES ADT from channel crystallization
experiments.
Our starting point is the observation that the growth velocity normal to the interface (n̂) of
a crystallization front, Vn , and its shape are aﬀected by both interfacial and bulk thermodynamic
driving forces8,12–14 via Vn = M(n̂)[−γ(n̂)κ + E]. Here, M(n̂) is a kinetic coeﬃcient related to the
molecular mobility (in general anisotropic) of an interface, γ(n̂) denotes the so-called interface stiﬀness15 given by Γ + Γ , where Γ(n̂) denotes interfacial tension (in general anisotropic) and Γ (n̂)
its second derivative with respect to interface inclination, κ is the curvature of the interface, and E
is the bulk driving force. For eﬀectively isotropic systems (such as spherulites16,17), the interface
equation of motion simpliﬁes to
Vn = M[−Γκ + E].

(1)

We note that bulk measurements of Vn only report the product M E and not M or E independently.
Now, for guided crystallization in the conﬁguration shown in Fig. 1(a), Eq. (1) in steady-state
d 2 y/dx 2
V /Vmax
, where y(x) denotes the interface shape. Furtherreduces to w2c [1+(dy/dx)
2]3/2 + 1 = √
2
1+(dy/dx)

more, Vmax ≡ M E and wc ≡ 2Γ
E , while M, E, and Γ refer to values within the channel. In principle,
solving
this
non-linear
diﬀerential equation subject to boundary conditions dy/dx| x=±w/2

2
V
= ∓ rVmax − 1 and dy/dx| x=0 = 0 yields both the steady-state growth front velocity V and
growth front shape y(x). Here, we have deﬁned Vout = rVmax to be the growth velocity outside of
the channel, with 0 ≤ r < 1 denoting the leakage rate. While the exact solution for y(x) at non-zero

FIG. 1. (a) Schematic of guided crystallization. Inside (outside) a channel of width w, the growth front propagates at velocity
V (Vou t ) and adopts a curved (planar) shape. (b) Simultaneously captured steady-state growth morphologies from numerical
simulations of isotropic single crystal systems with channel widths w/w c = 5.4, 2.0, 1.4, and 1.1 for leakage rate r = 0.1.
(c) Normalized growth velocity as a function of w/w c . The blue dashed and red solid curves are ﬁts to Eq. (2) for r = 0 and
r = 0.1, respectively, while the black dotted line indicates V /Vmax = 0.1, where Vmax denotes the asymptotic growth velocity
achieved for w/w c → ∞. (d) Normalized growth velocity from simulations of polycrystalline systems with ﬁve diﬀerent
initial conditions, for r = 0.1. The red solid curve again is a ﬁt to Eq. (2).
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V has eluded us, the dependence of V on w can be obtained in terms of an implicit formula without
any approximations,18
s
rs 
w
Vmax 
=
−A tan−1(s) + tan−1
+ tan−1
,
(2)
wc
VA
A
A



2
2
V
V
− 1.
where A ≡ 1 − Vmax and s ≡
rVmax
Equation (2) constitutes the central analytical result of this paper. It can be readily deduced that
(a) at the characteristic width w = wc = 2Γ
E , growth becomes completely arrested due to capillary
eﬀects for r = 0, in agreement with exploratory simulations reported in Ref. 19. (b) For w
wc ,
V → rVmax. In this limit, growth is dominated by bulk crystallization outside the channel. (c) For
w
wc , V → Vmax = M E, as expected for bulk crystallization within the channel. (d) Perhaps most
importantly, experimentally measuring V = V (w) and ﬁtting to Eq. (2) allows the characteristic
width wc = 2Γ/E to be determined. (e) Finally, a more convenient-yet-accurate approximation can
be derived by assuming that the growth front takes on an elliptical shape, yielding18


2
1 − rVVmax
w
−1/3
≈ (1 − r)
(3)

 2/3 .
wc
1 − VVmax
We note that in the limit where r = 0, indicating
perfect conﬁnement, Eq. (3) implies a simple

scaling relation V ≈ Vmax 1 − (w/wc )−3/2 .
To validate Eq. (2), we turn to numerical simulations of a simple diﬀuse-interface model,20
wherein a continuously varying order parameter φ(r,t) is introduced to track the locations of
diﬀerent phases as they evolve over time. The free energy of the system is described by a Ginzburg
Landau free energy functional that accounts for both interfacial and bulk free energies via F = dr

 2
m−3/2 3
m−1/2 2

1 4
2
evolution
2 |∇φ| + f (φ) , where f (φ) = 4 φ +
3 φ −
2 φ . As usual, the spatio-temporal

∂f
∂φ
δF
2 2
of φ is governed by the Allen-Cahn equation ∂t = − M̃(r) δφ = M̃(r)  ∇ φ − ∂φ . In the limit
of a sharp interface between the phases,13 this evolution equation leads to phase boundary motion
described by Eq. (1) with spatially modulated M and constant Γ.
We numerically solve the diﬀuse-interface equations using ﬁnite diﬀerences and explicit time
stepping on a uniform grid with non-dimensionalized parameters N y = 1500, Δx = 0.01, Nt
= 420 000, Δt = 2 × 10−6, M̃ = 2 × 105,  2 = 4 × 10−5, and m = 0.01. In our simulations, we model
the eﬀect of a surface-energy-deﬁned channel by setting the molecular mobility M̃ outside of the
channel to be a fraction r = Mout /Min of the mobility inside of the channel; the eﬀects reported
herein are the same if the bulk driving force were spatially modulated instead of the mobility. Note
that in this paper, mobility always refers to molecular motion rather than to electrical mobility. We
model the ﬁlm as 2D and initialize the ﬁlm in the metastable amorphous phase (φ = 0) everywhere
except for a circular seed of the crystalline phase (φ = 1) at the center of the channel.
First, we perform simulations with r = 0.1 such that the emerging crystalline phase is only
partially conﬁned within the channel. Several simultaneously captured conﬁgurations of the crystalline phase for diﬀerent channel widths are shown in Fig. 1(b). In these conﬁgurations, the crystalline
phase is shown in gray, while the white regions correspond to the amorphous phase. It can be
seen that the growth front is ﬂatter and thus moves faster for wider channels. Figure 1(c) in turn
shows that the velocity of the growth front is quantitatively described by Eq. (2) and approaches
the outside growth rate rVmax as w → 0. Finally, in the case of perfect conﬁnement corresponding to
r = 0, the growth front velocity vanishes below the characteristic channel width wc [cf. Fig. 1(c)].
This observation implies that wc sets the smallest feature size that can be obtained via guided
crystallization.
In order to observe these capillary eﬀects experimentally, we tracked the crystallization of thin
ﬁlms of TES ADT on patterned substrates during solvent vapor annealing, following the experimental procedure outlined in the supplementary material.18 Since crystal growth occurs several
times faster on SiO2 than on pentaﬂuorobenzenethiol (PFBT)-treated Au, crystallization can be
guided along channels deﬁned on the substrate by regions of SiO2 surrounded by regions of
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FIG. 2. (a) Optical micrographs of TES ADT crystallization show that crystal growth occurs preferentially on bare SiO2
(green) compared to PFBT-treated Au substrate (orange). The crystal-amorphous interface is traced in white. Crystallization
proceeds faster in the 75 ± 0.33 μm-wide channel (top) than in the 2 ± 0.33 μm-wide channel (bottom). (b) Numerical
simulations of polycrystalline growth exhibit similar behavior. Colors represent diﬀerently oriented crystalline grains, while
the yet-to-crystallize regions are shown in white.

PFBT-treated Au. Figure 2(a) shows optical micrographs of TES ADT as crystallization takes
place along channels with widths of 75 ± 0.33 and 2 ± 0.33 μm during solvent vapor annealing,
demonstrating qualitatively that growth velocity decreases for narrower widths. Since crystallization also proceeds on PFBT-treated Au regions, conﬁnement of crystal growth to the surfaceenergy-deﬁned channel is not perfect and leads to shapes that resemble those of the numerical
simulations shown in Fig. 1(b). Furthermore, in solvent-vapor-annealed TES ADT, the crystalline
phase is actually polycrystalline with many diﬀerently oriented grains separated by grain boundaries,1 so the shape of the growth front is not completely smooth. To explore the eﬀects of polycrystallinity and interfacial roughness on channel growth kinetics, we performed additional numerical simulations of the diﬀuse-interface model described in Ref. 21, which has previously been
applied to study growth of spherulites in organic thin ﬁlms. We use non-dimensionalized parameters Nt = 26 000, Mmax = 5 × 104, Δt = 2.4 × 10−5, N y = 1024, Δx = Δ y = 0.01,  2 = 2 × 10−5, α
= 0.12, δθ = 0.2, Δ = 20, k BT = 1.6 × 10−6, l 2 = 3.2 × 10−4, and r = 0.1. Figure 2(b) shows simulated morphologies demonstrating qualitatively that capillary slowing is still observed for polycrystalline growth. In addition, Fig. 1(d) shows that across ﬁve independent simulations of polycrystalline growth, growth front velocity is quantitatively described by Eq. (2) within the scatter of the
data.
Finally, we quantitatively compare the experimentally measured crystal growth velocity
behavior against our theoretical predictions. To this end, Fig. 3 shows that for channel widths
greater than approximately 20 μm, capillary eﬀects are negligible and the growth velocity is eﬀectively constant, but growth rate falls rapidly for smaller w. The solid blue curve in Fig. 3 shows a
ﬁt of the experimental data to Eq. (2) with rVmax ﬁxed to equal the average measured growth rate
on PFBT-treated Au. The ﬁt yielded a characteristic channel width of wc = 2Γ/E = 3.7 ± 1.2 μm,
where the error bar represents a range of reasonable ﬁts based on visual quality of the ﬁt.
In order to estimate the physical value for E, we can use Turnbull’s empirical formula22 to estimate the solid-liquid interfacial energy of a material from its heat of fusion, giving Γ ≈ 7 mJ/m2 for
TES ADT. Since this represents only a rough estimate,9,23 we can more conservatively hypothesize
(based on the solid-liquid surface energies of several other organic compounds23) that the TES ADT
crystal-amorphous interfacial energy ranges from Γ ≈ 5 to 50 mJ/m2. Using this range of values for
Γ along with the value for wc extracted from the experimental data, we ﬁnd that the free energy
diﬀerence between the as-spun disordered phase and the more stable spherulitic phase ranges from
E ≈ 1.3 to 13 J/mol for TES ADT, corresponding to an equivalent undercooling of TES ADT of
0.05–0.5 ◦C. Interfacial mobility M in turn is estimated to range from M ≈ 1.3 × 10−6 to 1.3 × 10−5
m mol/J s for the same system.
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FIG. 3. Experimentally measured growth front velocity V as a function of channel width w. As w approaches zero, V
approaches the growth rate on PFBT-treated Au, indicated by the thick gray line whose thickness indicates one standard
deviation about the average. Horizontal error bars represent ±0.33 μm channel width resolution and vertical error bars
indicate one standard deviation of velocity measurements. The solid blue curve is a ﬁt to Eq. (2) and the light-blue dashed
curves show Eq. (2) with w c = 2Γ/E = 3.7 ± 1.2 μm.

In summary, we have derived an analytical expression for interfacial velocity when a phase
transformation is guided along a straight channel deﬁned by diﬀerential growth rates. We veriﬁed
our theoretical predictions with simulations of a diﬀuse-interface model and employed analytical
expressions to extract the characteristic channel width (that is, the ratio of the surface energy of
the crystal-amorphous interface to the bulk thermodynamic driving force for crystallization) below
which capillary eﬀects strongly inﬂuence crystallization in TES ADT. More broadly, we expect that
our approach will enable the quantiﬁcation of important material parameters for crystallization in a
wide range of organic thin-ﬁlm systems.
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Y.-L.L. acknowledges MRSEC funding through the Princeton Center for Complex Materials (No.
DMR-0819860). The authors would also like to thank Dr. Srevatsan Muralidharan for helpful
discussions and his contributions during the initial stages of this work.
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